In this paper, a novel way for the fabrication of opto-electronic transceiver modules is proposed. These modules are characterized by the use of MT-RJ connectors, low-cost fabrication tools, highly efficient opto-electronic components such as VCSELs and CMOS integrated detectors, and an easy fabrication scheme. The module is based on the direct alignment technique; this means that the fibre and the photo detector and laser diode are self and directly aligned with respect to each other, without the need for optical lenses. Cost are expected to be low, since the transceiver module can be fabricated using existing mass volume fabrication techniques
INTRODUCTION
The data rate in LAN networks is increasing continuously over time. Networking increases the productivity: in the early days, the network was used for simple file sharing. Currently, the end user wants to use the network for more bandwidth-demanding applications, such as video conferencing.
This results in an increasing need for high-bandwidth network components.
These network components are standardized. The most popular standard is Ethernet. This is sharedmedium network architecture. To accommodate this bandwidth increase, different standards for Ethernet networks have been defined by the IEEE 802 standardization committee [1] [2]. This evolved from 10-megabit Ethernet in 1988, to 100 megabit in 1994 ('Fast Ethernet') en Gigabit Ethemet in 1998. The next step, 10-gigabit Ethemet, is currently close to approval. In each standard, different physical media are supported, each for a specific market niche. This includes short-distance wiring (the horizontal wiring) and long-distance wiring (vertical wiring, such as campus level).
Currently, the mainstream choice for speed in new LAN networks has shifted from 10 Megabit to 100 Megabit networks. It is therefore expected that, with the further increase of data communication over networks, the introduction of Gigabit Ethernet will occur within a few years. Also, because of the about ten times lower electronic and optics equipment cost of networks based on the Gigabit Ethernet standard compared to SONET, gigabit Ethernet and 10 Gigabit Ethernet have started a rapid growth within the wide area networks (WAN's). The 10 Gigabit Ethernet standard is the first Ethernet standard with a physical layer definition for both LAN and WAN. While the electrical implementation of gigabit Ethernet over twisted pairs is limited in distance to 100 m, the optical solutions based on 850 nm, 1300 nm and 1500 nm, in reality cover distances up to respectively 1 km, 10 km and 70 km The steadily growth of the gigabit Ethernet into WAN and LAN therefore offers interesting opportunities for optical gigabit Ethernet transceivers.
In this paper, a new design for low-cost VCSEL-based transceivers, suitable for Gigabit Ethernet networks is presented.
DESCRIPTION OF THE TRANSCEIVER A. DESCRIPTION OF THE MODULE
In opto-electronic transceivers, the optics inside the system is grouped in an OSA (Optical Sub Assembly). The OSA contains all opto-electronic components and the coupling optics. Typically, there is a TOSA (Transmitter Optical Sub Assembly) and a ROSA (Receiver Optical Sub Assembly). This approach requires lots of processing and handling, resulting in a larger cost. However, it allows to optimise and test the receiving and the transmitting part separately, resulting in a large yield and excellent performance.
In this work, a novel module is proposed (see figure 1 ). It basically consists of a substrate with electrical wiring and precision holes for the alignment of the optical connector. The different IC' s for driving and receiving the optical signals are integrated on the carrier. After the connector is inserted, light is coupled directly from the fibre to the opto-electronic components. No optics (such as lenses) is included. Finally, the IC's are wire bonded, and a transparent encapsulation is applied to protect the dies.
substrate
The functionality of the module is to convert the digital signals (in LVDS format) into optical signals and back. There is no digital processing inside the module.
This approach is different compared to standard transceiver modules. In this type of transceiver, the coupling of light from laser to fibre and from fibre to detector is determined by the same distance from fibre to the opto-electronic component, whereas in the standard approach with a separate ROSA and TOSA, these distances can be chosen independently. Compared to the LC and VF-45 connector, the MT-RJ connector has no ferule: it consists of one precision-plastic part, with two fibres and two alignment pins [3] . Furthermore, it is the smallest connector available. Its design is based on the MT connector, developed by NTT for parallel fibre connectors. Compared to the MT connector, the MT-RJ has a reduced pins distance, only two fibres, and a defined housing with a plastic spring for inserting and removing the connector (like the RJ-type twisted pairs connectors used in telephony and twisted-pair Ethernet).
C. THE OPTO-ELECTRONIC COMPONENTS
The transceiver includes an optical emitter and detector. The emitter is a VCSEL (Vertical Cavity Surface Emitting Lasers). VCSELs are ideal candidates for light source in such applications: they allow for very compact and cheap realisation of transceiver modules, because of different factors:
1 .
Small threshold current and high efficiency require a small drive current (usually lOmA of even smaller), reducing the heat generation and simplifying the driver design. In most cases (depending on the required output power and the temperature operation range), no active cooling is required.
2. The vertical light emission and the circular beam profile allow for a compact and efficient coupling to the fibre 3. The chip is small, reducing the dimensions of the module, and VCSELs are potentially very cheap.
Currently, 850-nm top-emitting VCSELs are proposed as light source for gigabit Ethernet applications. The module will include a CMOS chip for driving the VCSEL.
The detector plays another important role in the transceiver. In this product, a CMOS-integrated detector is used [4] . This allows a large degree of integration: the detector can be directly integrated in the receiver electronics. However, CMOS detectors are known as slow. Different techniques have been proposed to increase the speed response of the diode. Examples are the use of non-doped silicon wafer for processing, and the use of advanced circuit techniques such as the spatially modulated light detector (SML). In this work, a detector based on the SML principle is used.
This type of detector results in a large bandwidth, because the difference of the directly measured light and the refened version of the detected light are measured [4] . In this way, the effect of the slow diffusion is compensated by measuring a differential signal.
DESIGN OF THE MODULE
In this paragraph, issues related to the electro-optical design of the module are discussed.
A. STUDY OF THE COUPLING EFFICIENCY
In the module, two coupling are important: coupling from VCSEL to fibre, and coupling from fibre to detector. In this type of transceivers, both coupling efficiencies depend on the same distance from optoelectronic component to the fibre.
.
Coupling from VCSEL to fibre
The coupling from the VCSEL to the fibre is determined by the fibre diameter and numerical aperture of the fibre, the VCSEL characteristics and the position of the fibre to the VCSEL. In this work, a simple model was used to calculate the coupling efficiency: the ratio of the power emitted into the NA of the fibre, to the total emitted power is calculated. The VCSEL was assumed to be a point source. This is allowed, as the VCSEL diameter is much smaller than the fibre diameter. The coupling efficiency depends strongly on the modal properties of the VCSEL [5] . In general, a multimode VCSEL reaches a coupling efficiency of 90% and more. In case of a single-mode VCSEL, the efficiency can be smaller, because the NA of the VCSEL can be larger than the NA of the fibre. This coupling efficiency depends on the distance from VCSEL to fibre. It was found that this distance should be smaller than lOOum.
The encapsulation has an important influence on the coupling efficiency: the effective beam width inside the encapsulation is smaller, due to the larger refractive index. Compared to the situation without encapsulation, this allows increasing the distance from VCSEL to fibre.
2. Coupling from fibre to detector.
The coupling from fibre to detector was studied using a ray-tracing model. It was assumed that the light in the fibre was uniformly distributed over the fibre facet surface, and unifornily distributed over the numerical aperture of the fibre. This is an averaged situation. In practice, the surface and the numerical aperture will be partially filled. The coupling efficiency is defined as the part of the light emitted by the fibre that hits the detector. Figure 2 shows the coupling efficiency, for a distance from fibre to detector of lOOum, with an encapsulant in between the fibre and the detector (with refractive index 1 .5) , and starting from a fibre with 5Oum diameter and NA of 0.3. The calculation was done for different lateral misalignments.
These calculations show that, for a detector of 7Oum, the efficiency of over 70% is achieved. Figure 2: The coupling efticiency from fibre to detector.
B. INFLUENCE OF THE VARIATION ON THE VCSEL CHARACTERISTICS
The power budget of the optical links is determined by the VCSEL drive current. The standard for Gigabit Ethernet defines the allowed output powers: this should be between -10 dBm and -4dBm
(averaged values, corresponding to peak values of 200uW and 800uW) {2]. However, the variation on the VCSELs characteristics is typically quite large, and depends strongly on the temperature. For example, the threshold current of the Emcore VCSELs is defined between 1.5 and 3.5mA, and the slope efficiency is defined between 0.3mW/mA and 0.5mW/mA. This implies that there is a large variation on the output power, when the VCSEL is driven by a constant current source.
It was found that it is not possible to define one current driving level, so that the range of output power fits in the range defined by the gigabit Ethernet standards. Therefore, the current should be set during fabrication (or operation) of the module, for each module individually. The most elegant solution is to use a feedback photodiode, and regulate the bias current. In this work, the drive current is set by an onchip resistor, which is calibrated by a laser during the fabrication of the module. This is a common practice in analogue ICs.
C. STUDY OF THE MECHANICAL TOLERANCES
An important part of the design is the study of the mechanical tolerances. The calculations have shown that the lateral misalignment should be within +1-2Oum (see figure 2 ).
These tolerances depend on different factors:
. The concentricity of the fibre: the fibre core should be in the middle of the fibre cladding. This is under control.
. The tolerances on the MT-RJ connector. The position of the fibre is determined by the alignment pins. In this connector, the tolerances on the distance from pins to fibre should therefore be very small. The worst-case tolerances are specified at 1..2um.
. The position of the opto-electronic components relative to the alignment holes on the carrier. This is determined by the pick-and-place equipment. Standard pick-and-place equipment for SMD components has an accuracy of +1-5Oum, precision equipment (for flip-chipping and photonic applications) reaches accuracies in the order of lum or even smaller. For this project, a manual pick-and-place tool from Finetech was used, with an accuracy of 5um.
. The quality of the alignment holes. This depends strongly on the drill technology. In practice, an accuracy of 5um is easily obtained.
In conclusion, it is possible to obtain lateral tolerances in the order of +1-10 to l5um, depending on the fabrication scheme. The different fabrication schemes will be explained in detail in the next section.
DETAILED DISCUSSION OF PROCESSING
In this part, the fabrication of the prototype is discussed. This includes different processing steps: 
A. DESIGN OF THE CARRIER
The carrier has different functions: providing electrical interconnections (both data signals and power distribution), providing a thermal path to conduct the generated heat, and provide holes to define the alignment of the connector relative to the opto-electronic components. This implies that the thermal properties (good thermal conductivity), the electrical properties (low dielectric losses) and the mechanical properties (stiff to maintain the alignment function, and allow drilling of the high-precision holes) need to be optimised.
Different alternatives have been evaluated. A low-cost approach uses FR4 as base material. This is the standard material for printed wire-boards, and is therefore very cheap. It consists of glass micro fibres, filled with epoxy. This implies that the mechanical properties are not optimal: the surface is not flat. Furthermore, the non-uniform character of the material (glass filled with epoxy) implies difficulties for the drilling of the holes. This will be explained in the next paragraph.
Besides FR-4, different alternative epoxy-based substrates have been developed, such as BT, Polyimide etc. These materials have typically a better electrical and/or thermal behaviour. However, the mechanical properties are not better than FR-4, and the material is more expensive than FR-4.
An alternative for FR-4 are ceramic substrate. Traditionally, these materials have better electrical, mechanical and thermal properties, but the processing cost is larger. Especially the drilling of precision holes is a difficult task.
In this project, both the FR-4 and ceramic carriers have been chosen. This allowed comparing the lowcost and the high-performance altematives. A wiring pattern was designed. A two-sided approach was required, including some alignment features. The receiver chip had to be positioned under a 45-deg angle, so that the IC does not cover the alignment holes.
B. DRILLING OF THE HOLES
The drilling of the holes in an important task, as it determines the alignment of the connector relative to the opto-electronic components. For the drilling of the holes, different techniques are available:
Mechanical drilling: A high accuracy can be obtained on a temperature-controlled CNC machine. However, this requires a two-step process: first a smaller hole is drilled, and secondly the precision holes are honed (kind of intra-hole polishing). This makes the mechanical drilling a very timeconsuming and expensive process. Moreover, mechanical drilling is only possible using 'soft' materials, such as FR-4 and metals. Harder materials, such as ceramics, cannot be drilled (expect using advanced drills, but this can only be done at a decreased accuracy).
Laser ablation: Laser ablation is a contact less material removal technique. This allows for much faster drilling compared to mechanical drilling. Moreover, the laser action acts directly on the molecular bonds, and therefore a larger ranger range of materials can be processed, including ceramics. The accuracy depends on the equipment: a precisely controlled XY-movement table should be included in the set-up.
There are other alternatives for the drilling: for metal objects, electrical discharge methods allow the realisation of high-precision shapes in metal sheets. However, this technique is not possible using nonconductive materials, such as FR-4 or Alumina substrates.
In this project, different techniques have been tested. The holes in the ceramic have been drilled using a high-power Nd-YAG laser. The results are shown in figure 3 . After the drilling, there was a contamination around the holes. This was not visible during the tests on blank ceramic carriers. Therefore, we believe that this contamination is caused by the heating/burning of residuals from the metal patterning process on the ceramics.
ceramic substrate before the drilling
For the drilling of holes in the FR-4, two tests were done. One based on mechanical drilling in a precision CNC machine, and one using laser ablation (with an Argon laser). The results are shown in the next figure. Again, there is some dirt around the holes in case of laser drilling. This is easily removed.
After the drilling: there is dirt around the hole, probably caused by residuals resulting from the metal patterning. 
A. First component placement, then aligning the drills to the components
This technique is not preferred. The aligning of the drill equipment (either mechanical drills or laser beams) relative to the components is difficult (most drill machines are not equipped for such alignments), and there is a risk that the drilling of the holes after the components placement might destroy the components (see pictures of the drilled holes). Therefore, other approaches were studied.
B. First definition of a precision pattern, then aligning the holes and the components to the precision pattern.
Using this approach, the holes are drilled and the components are placed afterwards. Both the holes and the components are aligned to a precision pattern on the carrier. This requires that such a precision pattern can be realised. The required alignment accuracy is typically a few micrometers. To obtain a good accuracy, the precision on the pattern features should be better. This is only possible with thinfilm techniques (thick film approaches have a much larger deviation on dimensions and distances, due to variations on the under etch of the copper clad). However, thin-film techniques are more expensive, and not feasible on FR-4 substrates.
C. First drilling of the holes, then aligning the components to the holes.
This technique has different advantages: the delicate chips are introduced after the 'rough' mechanical drilling. Moreover, this placement can (partially) compensate for misalignments during the drilling of the holes.
For the experiments, the alignment is done on a high-precision placement tool from Finetech Gmbl [6. This is a manual pick-and-place tool, with a resolution of O.5um. To align the components relative to the holes, a master tool was developped. This tool is integrated in the pick-up head of the set-up, and includes alignment features corresponding to the chips and the holes. Firstly, the tool is aligned to a chip, and the IC is picked up by the tool (using vacuum). Secondly, the tool is aligned to the holes on the carrier, and the chip is placed on the carrier. The alignment of the part relative to the tool is done with a split-view set-up. A beam-splitter allows looking at the chuck and the pick-up head simultaneously. This technique is repeated for the receiver chip and the VCSEL die.
Next figure shows a photograph of the pick-up tool (including the alignment features and the holes for the vacuum), and a photograph of the chips mounted on the carrier. The chips were attached on the substrate using a conductive adhesive. The adhesive was Eccobond 57C
from Emerson&Cumming. This is a two-component electrically conductive epoxy adhesive. The mixture had to be diluted with toluene, to obtain a good viscosity. This is a flexible approach, as it does not require high-temperatures for curing. However, the shelf life is limited to about 1 hour.
During the assembly, it was found that the chips are slightly larger than expected. Therefore, one chip covered part of the hole. This was solved by cutting a part of the Silicon away with a laser cutter. The result is shown in the next figure: Figure 6 : close-up of detector IC after wire bonding, before encapsulation:
part of the silicon is cut away.
D. ELECTRICAL CONNECTIONS AND WIRE BONDING
The electrical connections consist of wire bonding to connect the chip pads to the substrate. It was found that the distance from opto-electronic component to the fibre is critical for the power budget of the optical link. Therefore, the maximal height of the wiring loops should be minimised. The height of standard ioops is about 300um. This is not acceptable for this module. Therefore, a reverse bonding technique is used. This starts with putting a ball on the bonding pad, and then starting the wiring on the ball in horizontal direction. This results in a maximal height of the wire loop of about 8Oum. Figure 4 shows a close-up of the wire bonds. 
E. ENCAPSULATION
The encapsulation has two functions:
A mechanical protection for the wire bonds and chips (remember that the connector is vertically inserted)
2. It has also an optical function: the larger refractive index of the encapsulation material (compared to air) reduces the beam spreading, and increases the coupling efficiency.
For the encapsulation, a casting technique was used: first a cavity is made on the carrier, and secondly this cavity is filled with epoxy and the epoxy is cured. The cavity is defined by a dam, which is dispensed on the substrate using a dispenser tool (in fact, this step was done directly after the wirebonding; this is the natural processing flow for packaging of electronic chips). The height of the bump was set to 400 micrometer. After this step, the pins are inserted and the cavity is filled with transparent encapsulant.
Different encapsulants are available: epoxies, silicones, poly-urethanes. The curing can be either thermal or by UV-illumination. UV curing is chosen, because it is a very flexible technique. For the prototypes, an UV-curable adhesive (type Dymax 0P29V) was used. The alignment pins are inserted after the potting of the cavity, and before the curing. In this way, the pins are part of the package. This required some calibration, so that the pins were not spoiled by the adhesive. Such spoiled pins would hinder the insertion of the MT-RJ connector.
In figure 8, a finished module is shown. The alignment fins are clearly visible, with in between the pins the receiver chip (with integrated detector) and the VCSEL die. The driver chip for the VCSEL is placed in the right bottom corner. There are 9 electrical connections, with the same functionality as in the GBIC Ethernet modules.
CONCLUSION
In this paper, the design and realisation of low-cost Gigabit Ethernet modules is discussed. A novel and simplified packaging technology is proposed, based on VCSELs and integrated detectors, and on the MT-RJ connector. The light is directly coupled to the connector. The tolerances on the alignment have been studied, and the coupling of light to and from the fibre was investigated. The fabrication issues have been discussed, and the realisation of the prototype was presented.
